We compare three receivers for coded narrowband transmission over a channel with fading, shadowing, and co-channel interference. The baseline receiver includes conventional diversity reception with maximal-ratio combining. A multi-user approach allows us to derive a maximum-likelihood (ML) multi-user diversity receiver and its reduced-complexity suboptimal version. Finally, a decorrelating diversity receiver, which seeks a trade-o between performance and complexity, is also studied.
Introduction
Frequency reuse is a key concept in narrowband cellular systems. The available spectrum is partitioned into a number of channels, which are then used in spatially separated areas called cells 1]. This allows di erent cells to use the same frequencies provided that they are su ciently far apart, thus improving the overall spectral e ciency. The drawback of frequency reuse is the generation of cochannel interference (CCI), which is generally the major source of impairment in cellular systems. CCI, together with fading, introduces an irreducible bit-error rate (BER), usually referred to as \error oor," which may sometimes prevent system operation even with arbitrarily high transmitted power.
Among the system solutions that have been advocated to counteract these channel impairments, channel coding, diversity, and a combination of both play a role of choice (see, e.g., 2, 3, 4] and the references therein). In this paper we investigate how some concepts developed in the context of multi-user communications (see, e.g., 5, 6, 7] ) can be put to work in the design of receivers for coded transmission over fading channels with diversity.
We assume that signals are a ected by additive white Gaussian noise (AWGN) and by random attenuation described by the superposition of three independent components: a rapidly varying fading component, a slowly varying shadowing component, and a deterministic distance dependent propagation path loss 8]. Denote by T S the code sequence duration and by T the symbol interval. We assume that T S T, which enables us to disregard the trellis termination in a TCM scheme.
Some preliminary de nitions.
The complexity of the physical phenomena a ecting a mobile radio system requires the acceptance of a handful of simplifying assumptions. In particular, this work assumes Rayleigh at fading, uncorrelated diversity and ideal (in nite-depth) symbol interleaving. Moreover, shadowing is modeled as a slowlyvarying random process 8]. It is assumed to be constant over an interval of duration T S and is described by the set of energies ? 0 of the wanted signal and ? 1 ; : : :; ? N of the N CCI signals. These energies are obtained by averaging with respect to fading. The energy of the noise samples will be denoted by 2 .
The bit error rate (BER) P b , upon averaging with respect to fading, depends on the energies ? 0 ; ? 1 ; : : :; ? N . These in turn depend on the shadowing process, and consequently P b is itself a random variable.
We are now in a position to de ne the outage probability P o = P(P b > ) as the probability that the system does not meet minimum service quality, as expressed by the BER threshold .
The probability distribution of shadowing will generally be subject to an admissibility constraint, that we de ne as follows.
De nition 1. Shadowing is said to be admissible if P(? 0 > 0) = 1.
3
If this condition is not met, there is a non-zero probability of not receiving the useful signal, thus yielding P b = 1=2 for any code or receiver scheme. The commonly used log-normal shadowing model is admissible provided that its median ? 0 be positive.
We de ne a shadowing-resistant (SR) receiver as follows.
De nition 2. A receiver is said to be shadowing resistant if P(lim !0 P b = 0) = 1 (1) where P b denotes the BER of uncoded modulation. 
where P b denotes the BER of uncoded modulation. 3
Conversely, receivers that do not satisfy the requirements of De nitions 2 and 3 are said non-SR and conditionally non-SR, respectively. The above de nitions do not depend on the coding scheme used, and could also be expressed in terms of the symbol error probability P e , a quantity often easier to calculate than P b .
Hereafter we focus on admissible shadowing and conditionally SR receivers. A conditionally SR receiver achieves arbitrarily small outage probability for su ciently low noise energy. Thus, an SR receiver is not interference-limited, but rather power-limited, like usual single-user systems.
Outline of the paper
This paper is organized as follows. In Section 2 we describe the model of the fading channel with diversity and CCI used for analysis. Here diversity plays a fundamental role (see, e.g., 2, 3]), irrespectively of its being generated in space, frequency, or time. In Section 3 we study the conventional diversity receiver with maximal-ratio combining. This receiver is akin to the single-user receiver for the Gaussian multiple-access channel 5]. Assuming independent Rayleigh fading, we show that this receiver is asymptotically SR as the diversity order grows to in nity. A by-product of this result is that, for large diversity orders, codes optimized for the single-user AWGN channel become asymptotically optimum on the fading channel. If the diversity order is nite, the conventional receiver is non-SR.
In Section 4, by assuming perfect channel-state information (CSI), symbol timing, and carrier recovery of both the useful and the N CCI signals, we outline a maximum-likelihood (ML) approach that leads to an SR receiver. An approximately optimal, limited-complexity receiver is derived and analyzed. By obtaining bounds on the pairwise error probability (PEP) of coded modulation schemes, we show that, as ! 0, the exponential order of P b for a given TCM scheme, is the same as in the absence of CCI for any diversity order. The ML receiver (and even its approximated version) may be hard to implement in practice, because: (i) Knowledge of the relative timing and carrier o sets between the useful and the CCI signals may not be easily available. (ii) Symbol-synchronous transmission may not be possible because of the propagation delay between the useful and the co-channel cells. (iii) The computation complexity of branch metrics may be too high, even when the number N of interferers is small.
In Section 5 we consider a linear diversity receiver based on the same idea of the decorrelating detector for the Gaussian multiple-access channel (see 6] and the references therein). It turns out to be a special case of the MMSE diversity receiver considered in 9] when the fading is at and the signal-to-noise ratio (SNR) is high. This decorrelating receiver requires perfect CSI for all the signals, but timing and carrier phase recovery only for the useful signal. The decorrelating receiver is SR if the diversity order is larger than N.
In Section 6 we compare the performance of these receivers by evaluating P b of some actual TCM schemes. These results are obtained analytically by error-bounding techniques and further validated by simulation. Finally, in Section 7, we draw our conclusions and list some suggestions for further study.
System model
We consider a communication system modeled as in Fig. 1 . A trellis-coded modulator outputs the encoded sequence x = (: : :; x k?1 ; x k ; : : :). We consider q-PSK modulation, so that the symbols x k are drawn from the signal constellation X q = fe j2i =q : i = 0; 1; : : :; q ? 1g
The sequence x is rst ideally interleaved, then passed through a shaping lter with unit-energy response p(t). The resulting signal is transmitted over M channels, each modeling one diversity branch and being a ected by at Rayleigh fading and co-channel interference (CCI). The interfering signals are of the same type as the useful one, i.e., coded q-PSK. We assume that the response of the overall channel (including a matched lter), say w(t) = p(t) p (?t), is a Nyquist pulse, and that perfect timing information about the useful signal is provided to the demodulator. After demodulation, matched ltering, sampling, and deinterleaving, the diversity channel can be modeled as a single-input, M-outputs discrete-time channel. Independent diversity is assumed, so that, after normalization with respect to 2 , the M-vector at the output of the channel at time k is
where symbols are de ned as follows:
n k , the additive noise, and g j k , the fading a ecting the useful (j = 0) and the interfering channels 
j denotes the conditional (with respect to the shadowing process) average signal-to-noise ratio (SNR)
per branch for the useful signal (j = 0) and for the j-th interfering signal (j > 0). In accordance with the assumptions made in Section 1, the j 's (for j = 1; : : :; N) take on non-negative constant values over the whole transmission time, while 0 > 0.
We consider what we call normalized diversity 2]. This consists of splitting the total signal energy among the M diversity branches for the useful signal as well as for the interferers, so that
where ? j is the total (average) energy of the j-th signal. The average signal-to-interference ratio (SIR) for the jth interfering channel (j = 1; : : :; N) is j = 0 = j = ? 0 =? j .
The received vector y k can be written in a more compact form as
where b k = (x k ; 1 k ; : : :; N k ) T and G k is a M (N + 1) matrix whose j-th column is g j k . In order to simplify the analysis, we assume that each signal is ideally interleaved with a di erent pattern, so that the CCI sequences j = (: : :; j k?1 ; j k ; : : :) appear to the receiver as sequences of i.i.d. variables uniformly distributed over S j (for j = 1; : : :; N), even though they are originally TCM-encoded. This assumption leads to a certain loss of optimality for the demodulator, since optimal detection would consist of decoding the super-code resulting from the superposition of all the interfering signals. However, in all practical systems, transmission from interfering channels can be considered as independent, and a limited-complexity decoder for the useful signal must consider CCI as uncoded. Moreover, this assumption appears to be realistic for systems where the co-channel interfering signals are not framesynchronous with the useful signal. Under mild assumptions on the TCM schemes involved, we nally assume that the random variables j k are uniformly distributed over the set S j .
Conventional receiver
Our baseline receiver is a diversity detector formed by a linear (maximal-ratio) combiner 10, 2], followed by a branch-metric computer and by a Viterbi decoder matched to the TCM scheme chosen for the useful signal.
We assume that perfect CSI for the wanted signal be available, i.e., that the realization g 0 k of the fading process a ecting the wanted signal be known for all k. The combined channel output at time k is given by r k = g 0 k y y k ; (6) where y denotes Hermitian transpose. The combined output r k is fed to a metric computer, based on the Euclidean metric m(r k ; b x k ) = 2 Re fr k b x k g (7) which is ML in the absence of CCI. The set of branch metrics fm(r k ; b x k ) : b x k 2 X q g is nally fed to the Viterbi decoder.
Let us digress brie y to rephrase the description of this receiver in terms of multi-user theory parlance, which will be useful for the developments of the next two sections. By looking at the form of y k in (5) we may observe that our system is akin to a chip-synchronous Gaussian multiple-access 
where e g j k;i = g j k;i = p j has variance 1=2. With the assumption of independence and zero-mean, by the strong law of large numbers 11], as M ! 1, a 0 k a.e. ! 1 and a j k a.e. ! 0 for j = 1; : : :; N. For the central limit theorem 11], z k converges in distribution to a complex Gaussian random variable with variance 1=2. Then, the combined channel output r 0 k converges in distribution to the output of a CCI-free AWGN channel with total signal-to-noise ratio (SNR) ? 0 = 2 . Since (7) is a ML metric for such channel, P e can be made arbitrarily small for all ? 0 > 0 as ! 0.
QED
A by-product of the above proof is that, since the channel converges to a CCI-free AWGN channel, TCM codes optimized for AWGN will be good also in an environment with fading and CCI, provided that the diversity order is su ciently large. This may have some impact on the design of channel codes for cellular narrowband systems 2], because it shows that \fading codes" may not be essential if diversity is used.
Performance of the conventional receiver
The bit error probability P b of coded modulation can be approximated by using the union bound 12], possibly truncated to a nite number of dominant error events 13, 2, 3]. The union bound is based on the computation of the pairwise error probability (PEP), de ned as the probability that the 
The PEP can be calculated from 14]
(s) ds s (11) where (s) = E e ?s ] : (12) denotes the Laplace transform of the probability density function (p.d.f.) of . Here, c > 0 is chosen such that the integration path Re fsg = c belongs to the region of convergence (ROC) of (s). A
simple but e cient numerical method to evaluate (11) within any degree of accuracy, based on GaussChebyshev quadratures, is described in 3, 15] . Alternately, the PEP can be upper-bounded by using the Cherno bound
where is the intersection of the region of convergence of (s) with the real positive axis.
In this section we calculate (s) for the case of the conventional receiver of eq. (6) and (7).
Because of ideal interleaving, given x and b x the random variables k are conditionally independent.
Then, by iterating expectations we can write 
By substituting (16) into (14) , and averaging with respect to the j k 's, we nally obtain (s). Since exact calculation of the latter seems di cult in general, we resort here to a worst-case and a best-case analysis.
We start by noting that (16) depends on the interference variables only through the istantaneous energies j j k j 2 . Here we assume that the overall channel response w(t) is such that the quantity E I = sup n j j k j 2 : j k 2 S j ; j = 1; : : :; N o exists and is nite 1 . Then, since with this receiver the PEP is non-decreasing with the interferer energies, instead of averaging (16) with respect to the j k 's we obtain the worst-case (s) as follows:
where I = P N j=1 j is the total normalized interfering power-to-noise ratio. On the other hand, if
we assume that the time o sets j are independent and uniformly distributed over (0; T), under mild conditions on w(t) a constant e I > 0 exists such that e I = inf n j j k j 2 : j k 2 S j ; j = 1; : : :; N o exists with probability 1. Then, following the same argument as before, instead of averaging (16) with respect to the j k 's we obtain the best-case (s):
Note that for ISI-free CCI (i.e., when the CCI signals are symbol-synchronous with the useful signal), the sets S j are all equal to X q , so that e I = E I = 1 and (17){ (18) coalesce. It has been shown 17]
that for raised-cosine pulses with roll-o 0:2 the symbol-synchronous case is a worst case. Then, for most practical purposes (s) with E I = 1 can be used to evaluate the PEP. In the following, the PEP of the conventional receiver will be denoted by P c (x ! b x). From (18) we can prove (20) for a suitable c 0 > 0. In Appendix A we show that the integral in the RHS of (20) is bounded below by zero. Thus, provided that I is nite (i.e., for non-zero total interfering energy) lim !0 P e > 0.
QED From (17) we can prove Proposition 3. For a conventional receiver and independent Rayleigh fading, the limit as ! 0 of the PEP corresponding to an error event with Hamming distance L decreases exponentially with order LM. 2
Proof. The Cherno bound on the worst-case P c (x ! b x) is obtained by using (17) in (13) which is the Cherno bound on the PEP of an AWGN, CCI-free channel with SNR ? 0 = 2 , in accordance with Proposition 1. Normally, for high SNR, the terms dominating the union bound on P b for a TCM scheme are those with minimum Hamming distance L min . Proposition 3 suggests that for nite (usually small) diversity orders M, a good TCM scheme for transmission in a cellular system a ected by fading and CCI should be designed in order to maximize L min , rather than its Euclidean distance. By putting together Propositions 1 and 3 we note that the design criterion for good codes, with conventional reception, should depend on the average amount of CCI and on the diversity order M of the receiver.
PEP in the absence of CCI. Let P 1 (x ! b x) denote the PEP of the conventional receiver in the absence of CCI, i.e., for in nite SIR. We get 
The above yields the Cherno bound
We are interested in the exponential order I of the PEP as a function of ? 0 = 2 as ! 0 for nite M.
This can be computed from the Cherno bound as
As for P 1 (x ! b x), since 0 jd k j 2 =4 1 as ! 0 and ? 0 > 0, we get
Then, in the absence of CCI, the best-case PEP decreases in the low-noise region as a negative power of ? 0 = 2 with exponent equal to the product diversity LM. It is easy to verify that, if the union bound on P b converges, the exponential order of P b as ! 0 for the optimal receiver in the absence of CCI is equal to I 1 = L min M, where L min is the minimum Hamming distance of the TCM scheme.
Multi-user receiver
In the previous section we showed that the conventional diversity receiver based on maximal-ratio combining and on the knowledge of CSI for the useful signal is akin to a single-user receiver for the Gaussian multiple-access channel. The lack of shadowing-resistance of this receiver (unless M ! 1) mirrors the well-known fact that conventional single-user receivers are not near-far resistant 7], unless the signature waveforms of other users are orthogonal to the useful signal. Usual narrowband cellular systems are consequently CCI-limited, and, with random shadowing, their outage probability cannot be made arbitrarily small by increasing the average SNR. Driven by this parallel, in this section we Upper and lower bounds to the PEP of a TCM decoder which uses metrics (32) will now be derived. 
The decoder path-metric di erence for the useful signal is 
As usual, the PEP is given by P( 0). Unfortunately, unlike with the conventional receiver, the Laplace transform (12) is di cult, if not impossible, to obtain, so we resort to an upper bound. Let B 0 2 B be the super-sequence which has been actually transmitted, and let E B 0 denote expectation with respect to B 0 , the latter being assumed as uniformly distributed on B. Then, the PEP P m (x ! b x) of the Viterbi decoder based on the multi-user branch metrics (32) can be bounded from above as follows: 
independent of the choice of the reference super-sequence B 0 . This holds, in particular, for symbolsynchronous CCI since in this case S j = X q .
We are now ready to state and prove our main result about the PEP of the multi-user receiver:
Proposition 4. Let S j , j = 1; : : :; N, be nite sets (we implicitly assume this in the de nition (4) of S j ). Then, for any values of ? 0 > 0, , and diversity order M > 1, the PEP of the multi-user receiver satis es
3) lim 
where a(x; b x) is the coe cient of the pairwise error event fx ! b xg and the summation runs over all the error events. From Proposition 4, each term in the RHS of (44) goes to zero as ! 0 and ? 0 > 0. The terms that dominate the union bound as ! 0 are those at minimum Hamming distance. Thus, 1) and 2) of Proposition 4 show that a constant C U , independent of , exists such that
Taking the logarithm, dividing all terms of the above inequality by log(? 0 = 2 ), and letting ! 0, we obtain I m = L min M = I 1 .
QED
Proposition 6 tells us that, with multi-user reception, the e ect of CCI is a possible increase of the error-event coe cients a(x; b x) with respect to the CCI-free case. Yet, the distance structure of the TCM scheme is not altered.
Although the bound (38) can be employed to prove some results about the multi-user receiver, for very weak CCI (i.e., for j ! 1) the pairwise error events fB ! b Bg are almost overlapping, which may make the union bound very loose. For weak CCI and/or low SNR, a tighter bound to the PEP may be the corresponding PEP P c (x ! b x) of the conventional receiver, as obtained in Section 3.1.
Strictly speaking this is not a true bound, since here we consider the approximately optimal metric (32) instead of the true optimal (30). Thus, the PEP of the conventional receiver may be smaller than the PEP of the multi-user receiver for some range of ? 0 = 2 . However, in all practical cases encountered, In this section we consider a diversity receiver based on the idea of the decorrelating detector for the Gaussian multiple-access channel (see 6] and the references therein). This receiver turns out to be a special case (obtained for high SNR and at fading) of the MMSE diversity receiver proposed in 9].
It requires perfect CSI for the useful and the N interfering signals, but needs information on timing and carrier phase only for the useful signal. As for its computational complexity, calculation of its branch metric requires the same computations as the conventional receiver, plus the determination of the pseudo-inverse of a M (N +1)-matrix. Thus, in terms of the side information it requires and of its complexity, the decorrelating receiver lies between its conventional and ML multi-user counterparts. As we shall see, its performance also lies between those of the other two receivers examined here. 48) where c k is the rst component of c k , and 2 k is the rst diagonal element of the matrix G + k (G + k ) y . As usual, the set of branch metrics fm(c k ; b x k ) : b x k 2 X q g is fed to the Viterbi decoder matched to the TCM scheme used with the wanted signal. Note that, if G k has full column-rank (i.e., rank(G k ) = N + 1), the rst component of c k is
where k is the rst component of G + k n k and has variance 1 2 since I k has dimension at most N and g 0 k is complex Gaussian M-variate (conditioning on g 1 k ; : : :; g N k does not change the distribution of g 0 k since we assume independent fadings). Hence, with probability and e g j k = g j k = p j has covariance 1 2 I M , independent of the SNR. Then, 2 k is given by as ? 0 > 0. Thus, the resulting non-stationary AWGN channel described by (49) converges to a noisefree channel, and metrics (48) provide error-free decisions. 3 We have thus proved the direct part of the Proposition.
To prove the converse, we exploit the analogy between our decorrelating diversity receiver and the decorrelating detector of 6] for a chip-synchronous Gaussian multiple-access channel. For a given fading realization G k , by using Proposition 1 of 6] we get that if g 0 k 2 I k the decorrelating detector is not near-far resistant (in our parlance, it is conditionally non-SR). Then, we can show that, when
This implies that g 0 k is spanned by g 1 k ; : : :; g N k with probability 1, i.e., that the decorrelating receiver in the case M N is conditionally non-SR.

Performance of the decorrelating receiver
The PEP of a TCM scheme with decorrelating receiver can be computed by following the method outlined in Section 3. The decoder path-metric di erence associated with the error event fx ! b xg By applying maximal-ratio combining, which is ML in the absence of CCI, and by dividing by jb g k j 2 ,
we get the equivalent combined channel output
where we have used the fact that P ? k is Hermitian and idempotent. Note that the orthogonal projection reduces the dimensionality to M ?N. Then, the resulting CCIfree channel has diversity order M ? N. In other words, N dimensions are used to cancel interference and the remaining M ? N to detect the useful signal. The BER curve resulting from a decorrelating receiver with diversity order M and N interferers is the same of a conventional receiver in a CCI-free channel with diversity order M ?N, translated to the right by 10 log 10 M M?N dB. This SNR penalty is due to the fact that, while the SNR per branch is 0 = ? 0 =( 2 M), the diversity order of the projected channel is only M ? N.
Examples
In this section we show some numerical examples comparing the performance of the three receivers studied here in terms of BER vs E b =N 0 or SIR. We consider the following codes: Ungerboeck 8-PSK TCM schemes with 4 and 8 states 21], denoted by U4 and U8, respectively; optimum rate-1/2, 16-and 64-state binary convolutional code Gray-mapped onto 4-PSK, denoted by Q16 and Q64, respectively. These codes have Hamming distances (in symbols) equal to 1, 2, 5 and 6, respectively. In all the following examples we considered the case of a single (N = 1), symbol-synchronous interferer. BER curves have been obtained by using a truncated version of the union bound and by evaluating the PEP via numerical integration, following the analysis derived in Sections 3, 4 and 5. Computer simulations validate our results.
Pairwise error probability. Fig. 2 shows the PEP vs. SIR corresponding to the shortest error event of U8 (viz., f(1; 1) ! (e j4 =8 ; e j2 =8 )g), at E b =N 0 = 5 dB with diversity M = 2 and M = 4.
The AUB (46) of the approximated ML multi-user receiver behaves almost symmetrically with respect to SIR values: for very low as well as very high SIR values it reaches the asymptotic performance obtained by the conventional receiver without CCI, in accordance to Proposition 4. The PEP of the decorrelating receiver does not depend on the SIR. We note that, for SIR 2 dB and 5 dB (with diversity order M = 2 and 4, respectively), the conventional receiver performs better than the decorrelating receiver. This suggests a mixed approach receiver that, based on the SIR level, selects between the decorrelating and conventional receiver strategies.
Performances for high SNR ( ! 0). Fig. 3 shows the BER oor vs. SIR of U4, U8, Q16 and Q64 with conventional reception and diversity orders M = 1; 2 and 4. Both coding and diversity contribute to reducing the error oor at xed SIR. The amount of this reduction is measured by the product L min M, the exponential order of the error oor vs. the SIR (Proposition 3).
Performance comparison at intermediate SNR. We compare the receivers studied here by considering the performance of U8 and Q16. These codes have the same normalized trellis complexity (measured by the product of the number of states by the number of branches merging into each state), namely, 16. U8 has higher spectral e ciency than Q16 (2 vs. 1 bit/channel use) but smaller Hamming distance (2 vs. 5). Figs. 4, 5 and 6, 7 show the performance of U8 and Q16 with diversity orders M = 2 and 4, respectively. We considered SIR values of 5, 10 and 15 dB, which can be regarded as realistic values for systems operating in normal shadowing conditions. The conventional receiver su ers from an error oor, as expected, whereas the multi-user and the decorrelating receivers do not. The multi-user receiver always outperforms both the conventional and the decorrelating receivers. For nite SNR, the comparison between conventional and decorrelating receiver depends on the system operating BER level, the SIR, the diversity order and the code used. Considering a BER range of interest from 10 ?5 to 10 ?2 , we can see from Figs. 4 to 7 that the decorrelating receiver provides a gain for the weaker code U8 (with diversity order M = 2; 4 and SIR in the order of 5 dB) and for Q16 (only with diversity order M = 2 and SIR in the order of 5 dB).
Conclusions and suggestions for further research
We have studied diversity receivers for a coded communication system a ected by fading, shadowing, and co-channel interference from other users. The system we had in mind is a wireless cellular mobile communication system, but our approach is general enough to be applied to other systems. Under suitable assumptions on the fading statistics, our derivations can be applied to time, space (antenna) and frequency diversity. We de ned the concept of shadowing-resistant receiver for independent at fading and slow shadowing. A multi-user system employing an SR receiver is not limited by CCI, in the sense that it can achieve an arbitrarily low outage probability for su ciently high signal average power. To avoid considering a particular statistics for the shadowing process, we have introduced the de nition of a conditionally SR receiver, which mirrors the concept of near-far-resistant receiver for the Gaussian multiple-access channel.
Three receivers were analyzed. The rst one is based on conventional maximal-ratio combining. It requires CSI and timing and carrier phase recovery for the useful signal only. This receiver is not SR unless the diversity order grows to in nity. Then, the BER curve of this receiver has zero asymptotic slope. The impact of coding on the conventional reception is remarkable. We showed that the BER oor depends exponentially on the product diversity, i.e., on the product of the diversity order M of the receiver and of the code diversity L min (minimum Hamming distance). We also proved that as the diversity order increases, the channel is turned asymptotically into an AWGN CCI-free channel. This has some impact on the choice of good TCM codes (see also 2, 4] for a deeper discussion on code design when a diversity receiver is used).
Next, we derived an exact and an approximated ML receiver requiring CSI, timing and phase recovery for all the signals. This added complexity makes the receiver SR for any diversity order, and allows it to achieve the same BER curve slope I m = I 1 = L min M of CCI-free transmission.
Finally, we considered a decorrelating receiver, which projects the received signal vector on a subspace orthogonal to the space spanned by the interferers. This receiver requires CSI for all the signals, but timing and phase recovery for the useful signal only. If the diversity order M is larger than the number of interfering signals N, this receiver is SR and achieves a BER curve slope I d = (M ? N)L min .
A comparison based on some actual TCM schemes shows that, while the multi-user receiver provides always the best performance, the choice between the conventional and the decorrelating receiver depends on the BER range of interest, the SIR level, the diversity order and the code used. We conclude by listing some topics for further research:
1. All our results were derived with the assumption of perfect CSI about the istantaneous realization of the fading process. In real systems, fading may be estimated by using pilot tones or pilot symbols (see for example 9]). Techniques should be studied for estimating the CSI of both useful and interfering signals (non-overlapping pilot tones or time-multiplexed pilot symbols might do a good job here).
2. Generalizations of the results of this paper to the case of correlated Rician fading could be of some interest. Guidelines for this analysis can be found in 2, 3, 4].
3. The performance of the multi-user and the decorrelating receiver should be investigated when only a subset of interferers is tracked.
4. As we noted in Section 6, a promising receiver strategy is to switch between conventional reception (in normal operating conditions) and decorrelating reception only in critical shadowing conditions, i.e., when the SIR level is above a certain threshold.
Since the pair B 1 ; b B 1 minimizes the set of componentwise squared distances fjd k j 2 ; jd j k j 2 : k 2 K L ; j 
